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CONVECTIVE HEAT TRANSFER COEFFICIENTS AND CLOTHING
INSULATIONS FOR PARTS OF THE CLOTHED HUMAN BODY
UNDER AIRFLOW CONDITIONS
S FOFERNRIC BT 5 BFALO I TRAMRET & A LIEH

Masayuki OGURO*, Edward ARENS**, Richard de DEAR***,
Hui ZHANG**** and Tadahisa KATAYAMA*****
KEBEH ZF7—F PL¥X VFr—F FTFT4T, 74 Fx>, FILBA

Convective heat transfer coefficients for each part of the clothed human body were evaluated under airflow
conditions and compared to those of nude body. This was done by measuring clothing surface temperatures on a seated and
standing manikin using an infrared-imaging radiometer. The convective heat transfer coefficients for the clothed manikin
were larger than for the nude manikin. The difference could be 100 to 200% for some individual parts, and for the overall body
the difference was 30 to 50%. These results were consistent for both standing and sitting postures, or for facing upwind and
facing downstream, although slightly larger differences between clotﬁed and nude could be seen when the manikin was sitting
and facing upwind than in the other conditions. Clothing insulation for each part was also estimated. Some differences
between standing and sitting were observed at the body part level. However for the whole body the difference was small.
Regression models for convective heat transfer coefficients and clothing insulation for all body parts were presented for use

in human thermal modeling.

Keywords : convective heat transfer, clothing insulation, infra-red thermography,
human body, thermal comfort, airflow
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1. INTRODUCTION ) ‘

‘ Clothing insulation under calm condition for the whole human body is alrea{dy estimated for many kinds of clothing and
available in many standards or handbooks such as ASHRAE FUNDAMENTALS  and 1SO-9920 etc. Also there are many studies
on local convective heat transfer for human body under calm or airflow conditions.” ~” However there are few studies that tried direct
measurement of the convective heat transfer and clothirig insulation at the body part level by measuring average clothing surface
temperature. Danielson® measured local convective heat transfer on clothing surface and local clothing insulation for a standing male
subject by using a special device that can measure local heat flux and surface temperature. However the data are limited only to low air
speed for a standing subject. This paper provides the results for both standing and sitting postures under airflow from 0.2 to 5.5 m/s
based on measuring clothing surface temperatures. The wind speed range was determined considering the fact that there are many
situations where the evaluation of thermal environment under airflow is required. For example, the outdoor environments which usually
have faster airflow than indoor environments, room environments controlled by personal air-conditioning systems that have air
diffusers in the vicinity of occupants, room environment in buildings which employ natural ventilation, and so on. This paper is the
second of two describing direct measurements of those data for each part of the body. The previous paper (Oguro®, 2001) described
clothing insulation and dry heat transfer for a standing manikin under airflow. The dry heat transfer coefficients included radiative heat
transfer coefficients. This paper provides convective heat transfer coefficients for both standing and sitting manikin by subtracting out

the radiative heat transfer coefficients from the dry heat transfer coefficients. The clothing insulation is also described.

2. METHODOLOGY
(1) Direct method for estimating clothing insulation Heat transfer between skin surface and the clothing for each part of the body
can be described by the following equation, which is the same as for the whole body (ASHRAE FUNDAMENTALS," 1997).
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Qe =[1/(0.155 k)] (t~t)Am (W) (1

Where, Q;: dry heat loss for each clothed segment (W), I;: intrinsic clothing insulation for each clothed segment (clo)
ts: skin surface temperature of each nude segment (°C), ty: clothing surface temperature of each clothed segment (°C)

Ay skin surface area of each nude segment (m?

In this study t,; means average clothing surface temperature measured by an infrared imaging radiometer set away from the
manikin, i.e., ty is apparent average surface temperature for apparent surface area and not the true average surface temperature for
spread-out clothing surface area. Griffith!® (1995) recently proposed a fairly accurate (£0.5 °C ) technique for measuring surface
temperatures using infrared thermography. As expected from Eq.(1) or Eq.(2) in the following section, *0.5 °C means +=10%
difference in clothing insulation or heat transfer coefficient for 5.0°C in temperature difference. Using this approach, by measuring the
clothing surface temperature t;, using infrared thermography, one can estimate I directly from Eq. (1). This method is referred to in
this paper as the ‘direct method’.

(2) Estimation of convective heat transfer coefficients for clothed body parts Assuming a uniform temperature field in
which surrounding wall surface temperatures are the same as the ambient air temperature, the heat transfer between the clothing and its
surrounding environment for each part of a manikin can be described by the following equation, which is the same as for the whole
body. ’

Q: =hy (ta ~t)fuAm (W) )
hy=h, +h, (W/m*K) (3)

Where, Q. dry heat loss for each clothed segment (W), h;: dry heat transfer coefficient for each clothed segment (W/m*/K),
h.: convective heat transfer coefficient for each clothed segment (W/m%*K), h,: radiative heat transfer coefficient for each clothed

segment (W/m?/K), t,: ambient air temperature or mean radiant temperature (°C), f;: clothing area factor (no dimension)

Using Eq. (2), by measuring clothing surface temperature and clothing area factor, the dry heat transfer coefficient on
clothing for each clothed body part can be calculated. Further by subtracting the radiative heat transfer coefficient from that, one can
obtain the convective heat transfer coefficient for each body part.

Strictly speaking, Eq.(1) and Eq.(2) should only be applied to non-permeable clothing, in which there is no convection
bypassing or permeating the insulation layer. However in this study, those standard equations were applied to a set of typical permeable
clothing. Thus I and h, estimated in this study include some effect effects of heat loss by air penetration

(3) Estimation of radiative heat transfer coefficients for clothed body parts " Radiant heat transfer for each part of the

- human body has to include the radiation heat exchange between the body parts. However, under the conditions where the surface
temperature differences between all the segments are small, i.e., practically heat transfer between the segments is negligible, the
following formula (ASHRAE FUNDAMENTALS," 1997) for whole human body can be used for each segment.

h=4 ¢ o T {273.2+(t, +t)/2}° (Wm¥K) 4)
Where, h: radiation heat transfer coefficient for each segment (W/m%K), ¢ : emissivity for each segment (nd), o : Stefan Boltzmann

constant (W/m*/K?*), f,i effective radiation area factor for each segment (nd),
to: surface temperature of the segment (°C), t,: mean radiant temperature for each segment (°C)

When mean radiant temperature equals ambient air temperature, by measuring emissivity, clothing surface temperature and
effective radiation area factor, the radiative heat transfer coefficient on clothing for each clothed body part can be calculated.

3. MEASUREMENT PROCEDURE

The measurement procedure used in this study was already described in the previous paper”. Thus the outline of the
procedure will be presented here.



(1) Thermal Manikin A skin-temperature-controlied thermal manikin was used for measuring the clothing insulation and
dry heat transfer coefficient for each body segment. This manikin was developed to evaluate asymmetric thermal environment by
measuring the heat loss at each part of the body (Tanabe'", 1994). The 16 body segments and their respective surface areas are listed
in Table 1. The effective radiation area factor for each segment both for standing and sitting postures is estimated by Oguro (Oguro'?+'¥,

2001) as shown in Table 2. The height of the manikin is 1.6m.

(2) Clothing The clothing ensemble used in this study is a set of casual clothing items for mid
season. These items are: panties and bra, 100% cotton shirt with long sleeves, 100% cotton trousers, socks
and shoes. In addition, in this study a medium length hair wig for the head was employed and treated as a
clothing item.

To clearly define the heat loss from the clothing surface for each segment of the body, the
clothing was cinched down along the manikin segment boundaries using plastic tape. This was done to
prevent lateral heat transfer between segments due to air movement underneath the clothing. Fig.1 shows

a picture of the clothed thermal manikin used in this study.

(3) Measurement of clothing area factor Clothing area factor is usually measured as an
average of projected area ratios betweeﬁ nude and clothed human body measured at several main angles
(1S09920'®, 1995). In this study, pictures were taken with a 35mm camera with a 50mm lens from 8
directions, i.e., horizontally every 45 degrees, around the manikin at the distance of 2m from the manikin.
Averaged ratios between nude and clothed were used as clothing area factors for each body part in

subsequent analyses.

(4)Wind tunnel test procedure
The wind tunnel The manikin was set in a wind tunnel with a test section 1.5m high and 2.1m wide.

At seven meters upwind of the test section, a large cylindrical drum (1.0 m tall and 0.5m in diameter) was

installed to generate some large-scale eddies in the airflow (This resulted in 2.3 to 13.1% turbulence

Figure 1 Thermal manikin

intensity across the range of wind speed measurements).

Wind tunnel anemometry There were 10 separate anemometer measurements for a full sweep of Table lt:“"fa;e areas k‘l}f
-the nude manikin
the tunnel cross section. Their heights above the floor of the wind tunnel were: 0.02, 0.15, 0.28, 0.41, :
. ) . . Body Surface
0.54,0.66, 0.79, 0.92, 1.05, and 1.18m. The mean values obtained at adjacent measurement points were | Seguent Arealn 2
Back 0.128
used. Chest 0.138
Head 0.117
Wind tunnel temperature sensors Four temperature probes were mounted near the manikin Il:eefftt lﬁofé"t g gig
at different heights within the wind tunnel’s working section. The probes were thermistors mounted at | -—-efl_tiand_ 2.038
3 : H . oft Uppor Arm 0,076
the tips of 30-cm-long shafts. The four measuring heights were: 0.10, 0.50, 0.90, and 1.20m. All Leit Thigh 07160
subsequent analyses performed on each manikin body segment were based on measurements from the g;gﬂ: éé;"t 8 82;
Right Hand 0.036
nearest of these temperature probes. é(i]amHLaQo 0,090
; ‘ . . . . . Right Upper Arm 0,073
The surface temperature measurement An infrared imaging radiometer (Inframetrics MODEL Right Thigh 0.166
Pelvic Region 0,170
760) was used to_measure the temperature of the clothing surface on the manikin. A thin film with Whole Body 1,469
known emissivity of 0.90 was employed as a reference emitter and 4 pieces of the film were
‘set near the air temperature sensors in the wind Table 2 Effective radiation area factor Table3 Clothing arca factor
Body . f d
tunnel. The surface temperature of the film was Seament | >tanding(nd)| Sitting (nd) sf;,ngm Standing(nd) | Sitting (nd)
. Back 0.90 0.96 Back 1.1 1.16
assumed to be very close to the air temperature. ﬁheff g,g? g_;g g Chost o3, 104
ea . .
Then the surface temperatures measured by the Teft Arm 083 080 Head_ 15 157
. . ) Left Foot 0.87 0.83 Left Foot 1.41 1.38
radiometer were corrected by using the Taft Hand 0.80 077 CeftHord 50 oo
: Left Leg 0.93 0.84 LeftLeg 1.25 1.11
difference of the surface temperature of the film Tef Upper Arm 085 080 of Dpoo Arm oo 55
measured by the radiometer and the air Left Thigh 0.86 079 Left Thigh 1.08 1.06
R_Igh Arm 0.78 - Right Arm 1.21 -
temperature measured by the thermistor. Prior to Right Foot 0.91 - Right Foot 1.31 -
Right Hand 0.78 - Right Hand 1.00 -
the actual measurement, the emissivity of the _Right Leg 0.89 - Right L.eg 1.28 -
. . . Right Upper Arm] . 0.90 - Right Upper Arm 1.24 -
film and main clothing items was measured by Right Thigh 0.85 - Right Thigh 1.14 -
. . Lo . Pelvic Region 0.86 0.86 Pelvic Region 1.03 1.05
using a radiometer. The emissivity of the shirt Total 0.85 0.80 Total 17 1.15
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and sitting postures were tested. Figure 2(a) Convective heat transfer coefficients for each part of a standing manikin
when the manikin faces upwind
Because the height of the wind tunnel (Open square means the results from clothed manikin and solid square means those from nude manikin)
was not enough for the manikin to
50 50 oy 50 50
stand fully erect, the insulation of the x40 | Lo Tigh o 140 | RehtThigh x40 |- Lethand x40 | Right Hand
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measuring the nude manikin, that was Figure 2(b) Convective heat transfer coefficients for each part of a standing manikin
o when the manikin faces downstream
mostly between 20 and 21°C. (Open square means the results from clothed manikin and solid square means those from nude manikin)

4. RESULTS AND DISCUSSION
(1) Clothing area factor

Table 3 shows the measured clothing area factors. For the upper arm, the forearms, the hands, the thighs, legs, and the feet
in sitting posture, only left side of the manikin was measured. Head, with a wig, and the feet with shoes had large clothing area factors.
There were many parts that had small clothing area factors such as the chest and the thighs. This was partly due to the binding of the
clothing between segments as seen in Fig.1. In total, the clothing area factor was 1.17 for standing and 1.15 for sitting (values for the
right side assumed as the same values for the left side).

(2) Convective heat transfer coefficients for the standing manikin Fig.2 (a) shows the comparison between nude and
clothed convective heat transfer coefficients under airflow from the front. Fig.2(b) shows the comparison of those under airflow from
the back. In standing manikin, the feet and legs were not studied. For hands only those for nude manikin are shown and the same values
can be used also for clothed manikin, because the hands area usually naked.

The first-discussion is concerned with nude standing manikin. Considerably larger values were obtained at hands and
relatively smaller values were obtained at back, chest, and head for both wind directions.

When looking at clothed standing manikin, overall the larger values than those for nude were seen. Only exceptions were at
the thighs and the back/chest under the airflow from the front/back that showed almost no differences between nude and clothed.
Significantly larger coefficients on clothed human body meet the results from literature (Danieleson®, 1995). For the head and the
chest/back when they faced upwind, the convective heat transfer coefficients increased up to more than twice of those for nude. The
increase rate was highest at the head under the airflow from the front, as the face was naked and also the wind penetrated the wig. The
reason for the high values at the chest and back when they face the wind may be mainly due to the wind penetration.



When looking at the convective heat transfer coefficients at the velocity of about 0.8m/s, the differences of those values
between nude and clothed manikin, except for the head, were relatively small. This suggests that, except for the head, the convective
heat transfer coefficients for the nude may be used for clothed surfaces as long as the wind speeds are low. However whenever one
notices a large temperature difference between nude and clothed surfaces, the air insulation I, from nude should not be used for the
clothed manikin.

Except for a few cases such as thighs and the back/chest under the airflow from the front/back, the higher the velocity was,
the higher was the difference between clothed and nude convective heat transfer coefficients. The difference was largest at the head
under the wind from the front. This is probably due to air penetration, because at the back for frontal wind and at chest for rear wind,
where it should have a relatively low velocity, the differences between clothed and nude are very small. Slight differences between left
side and right side may be due to slight differences of those shapes and the fit of clothing.
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manikin was facing downstream. when the manikin faces upwind
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facing upwind. This may be partly due to significant change of the gap
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seen in the head when the manikin was facing downstream. This may be due  ‘E30 |- €30 |
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sitting/standing manikin. Overall there was no very large difference between
standing and sitting or between facing upwind and facing downstream. The
clothed manikin had larger convective heat transfer coefficients than nude

vmis vm/s

(a) Facing upwind (b) Facing downstream
Figure 4 Convective heat transfer coefficients for clothed
and nude whole body
(Open square means the results from clothed manikin
and solid square means those from nude manikin)

one by 30 to 50%. Slightly larger effect of clothing was seen when the

manikin was sitting and facing upwind.than the other conditions.

(4) Clothing insulation
presented in the previous paper (Oguro”, 2001). Thus in this paper the results for the sitting posture and the difference from the

The results of clothing insulation for each part of the body for standing posture were already

standing posture will be mainly discussed.

Fig.5 shows the comparison of clothing insulation between standing and sitting manikins when they faced upwind. Except for

the back, some differences between standing and sitting were seen. The results from sitting posture had higher insulation at the thighs,

the chest, and the upper arms and lower insulation at the pelvic region, the head, and the forearms.

Fig.6 shows the results for the whole. Overall there was no very large difference between standing and sitting or between

facing upwind and facing downstream. Slightly larger values for the sitting manikin were seen when the manikin was facing

downstream.

(5) Models for convective heat transfer coefficients and clothing insulation

According to other studies (Danieleson,
1995 Ichihara”, 1997, deDear®, 1997),
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Figure 6 Clothing insulation for whole body
(Open circle means the results for standing
and solid one means for sitting)

between nude and clothed was mainly reflected in the difference of the
constant ‘a’.

Table 8 and 9 show regression models for clothing insulation



Table 4 Models of convective heat transfer
for standing manikin facing upwind

Table 6 Models of convective heat transfer
for sitting manikin facing upwind

Nude Manikin Clothed Manikin Nude Manikin: Clothed Manikin
Body a b R2 a b R? hgfh,, in | reference} Body a b R a b R oMy in | reference
Segment Javerage| data Segment average | data
Back 5.86 0.74 00 7.67 0.63 0.95 .30 Back .86 ____3.74 00 7.67 .63 0.95 _430
Chest 717 59 [ 1.00 80 | 0.77 | 0.96 o1 Chest 77 | 050 00 80 | 077 | 096 91
Head 714 65 .00 | 2407 | 068 | 0.99 40 Head 14 | 065 | 100 4.07 68 | 0.99 .40
Left Am 140 | 060 | 0.09 46 | 050 | 0.98 33 Left Am 40 | 0.60 99 | 1546 50 | 098 | 133 | |
Left Foot 0.59 | 053 .00 59 | 0.53 .00 00 | sitting | LeftFoot 69 | 053 .00 59 | 053 00 00 | siting |
Left Hand 657 | 0.59 00 | 16,57 | 0.59 .00 00 | nude Left Hand 57 | 059 | 1.00 | 1657 59 | 100 | 1.00 | nude |
Left Leg 1.70 | 0.564 00 [ 14.80 | 052 | 1.00 | 1.26 | sitting [ Lefileg 70 54 00 | 14.80 52 00 26| siting |
Left Upper Am | 10.04 | 0.59 .00 86 | 0.63 | 0.99 19 | Left Upper Arm | 10.04 59 | 1.00 | 1186 | 063 | 0.99 19
Left Thigh 894 | 058 .00 02 | 053 | 095 23 Left Thigh 8.94 .58 .00 02 53 | 095 | 1.23
Right Arm 1.79 | 0.57 .99 | 1461 .57 | 0.97 25 Right Arm 11.79 .57 99 | 14.61 57 | 097 25
Right Foot 077 | 0.51 00 | 1077 | 0.51 [ 1.00 .00 | sitting Right Foot 10.77 .51 00 | 10.77 51 | 100 00 | siting
Right Hand 4.04 | 0.57 00 | 1404 | 057 [ 1.00 00 | nude RightHand | 14.04 .57 00 | 1404 | 057 | 1.00 .00 nude
Right Lef 2.03 | 0.57 00 | 1424 | 053 [ 0.97 K] sitting Right Leg 1203 .57 00 | 1424 | 053 | 097 | 1.48 | siting
X 0.62 .00 | 1062 | 070 | 0.69 14 Right Upper Am | 8.5 62 | 1.00 | 10.62 | 070 | 0.99 A4
. 0.60 00 | 947 | 050 [ 0.88 [ 1.0 Right Thigh 95 | 060 00 | 947 | 0506 | 0.98 0
Pelvic Region | 74 0.65 00 | 1109 | 060 | 0.04 46 Pelvic Region 60 .65 00 | 1109 | 060 | 0.94 4
Whole Body |_9.31_|_0.60 .00_| 13.36 | 0.60 | 0.99 42 Whole Body 31 .60 00 | 1336 | 060 | 099 4
Table 5 Models of convective heat transfer Table 7 Models of convective heat transfer
for standing manikin facing downstream for sitting manikin facing downstream
Nude Manikin Clothed Manikin Nude Manikin Clothed Manikin
Body 2 5 | he/hyin|reference Body ho/h, in |reference
Segment a b R 2 b R average| data Segment a b laverage| data
Back 7. . 72 | 0.907 | 1.93 Back 880 | 0.50 ] ; 2.6
Chest 5. ) .71 | 0.987 | 1.18 Chest 6.61 | 0.80 ] . . 15
Head .52 ; ) 68 | 0.985 | 230 Head 771 | 0.70 ) . .99 | 1.09
Left Arm 137 | 0. . 69 | 0.064 | 1.30 Left Arm, 0.64 | 0.59 X . ) ; 32
Left Foot 0.87 | 0.60 | 1.000 | 10.87 | OJ 1.000 | 1.00 | sittiing Left Foot 087 | 0.60 - ; I I 00 | nude
Left Hand 525 | 054 { 0.000 | 1525 | 054 | 0.899 [ 1.00 | nude Left Hand 476 | 0.59 00 [ 15. ) . .00 | nude
Left Leg 2.42 | 055 { 1.000 | 17.32 | 0.64 | 0.979 | 142 [ sitting Left Le: 242 | 055 00 | 17. ; ) 42
Leff UpperArm | 1025 | 062 | 0.999 | 1031 | 072 [ 0985 | 1.04 Left Upper Arm [ _9.95 64 00 [ 1172 | 067 | 099 | 1.19
Left Thigh 919 | 063 | 0092 | 11.80 | 057 | 0970 | 1.28 Left Thigh | 8.22 61 -0 015 | 066 | 098 | 125
Right Arm 1.05 | 061 | 0.094 | 13.78 | 0.66 | 0.963 27 Right Arn 02 | 0.63 -0 1.00 | 067 | 095 02
Right Foot 001 | 058 | 1.000 | 1091 | 058 | 1.000 | 1.00 | siting Right Foot 0.91 .58 -0 0.91 [ 058 | 1.00 00_|_nude
Right Hland 666 | 052 | 1.000 | 16.66 | 0.52 [ 1.000 | 1.00 | nude Right Hand 258 | 063 -0 2.58 | 063 | 1.00 00 | nude
Right Le 2.54 | 056 | 0.099 | 17.77 | 065 | 0.800 | 1.44 | sitting Right Le 2.54 | 0.56 -0 777 | 065 | 099 44
[Right UééerArq .99 | o. 1.000 | 10.17 | 0.74 | 0.969 | 1. Right Upper Arm{_9.0! 65 -0 186 | 074 | 097 .34
Right Thigh .99 | o. 0.994 | 10.02 | 062 | 0.064 2 Right Thigh 12 64 -0 611 | 060 [ 099 0
Pelvic Region | 8.16 | 0. 0.996 | 999 | 063 | 0.072 | 1.24 Pelvic Region | 0.24 .59 .0 12.81 | 059 | 094 40
Whole Body | 9.41 | O 0999 | 12.38 | 0.65 | 0.999 4 Whole Body |_9.4 63 .0 1249 | 066 | 0.99 34

for each part and the whole body. The model constants were defined as logarithmic functions (I = a In(v) +b). The constant ‘a’ for most

of the segments was found between -0.01 and -0.26. For the whole body the constants were between -0.076 t0-0.096. In absolute value,

the constants for sitting were slightly larger than standing and the constants for frontal wind were slightly larger than the wind from the

back.

(6) Comparison with other studies

Figure 7 shows comparison of convective heat transfer coefficients for whole body with

other studies. For standing posture, the present model for frontal wind were close to the deDear’s and Nish&Gagge’s models. When

wind speed was in the range from 1.0 to 4.0m/s, our model was also close to the straight line for vertical plane from McAdams’ model.

Table 8 Models of clothing insulation
for standing manikin

g Facing Upwind Facing Downstream
Body 2 . 2 |reference
Seament 2 b | R a b R data
Back -0.090 ] 0.861 | 0.991 | -0.141] 0.820 | 0.976
Chest -0.136 .917 | 0.936 | -0.060 | 0.946 | 0.852
Head 0240 | 0642 | 0.982 | -0.256 | 0.735 | 0.077
Left Armn -0.096 | 0.579 | 0.918 | -0.074 | 0.538 | 0.947
Left Foot -0.037 | 0.647 | 0.890 | -0.057 | 0.643 | 0.991 | sitting
Left Hand - - - - - - nude
Leftbeg -0.049 | 0.512 | 0.869 | -0.042 | 0.516 | 0.700 |_sitting
Left Upper Arm | -0.097 | 0.566 | 0.910 | -0.064 | 0.554 .958
Left Thigh -0.072 | 0.480 .983 | -0.016 | 0.406 .854
Right Arm -0.096 614 | 0.867 | -0.079 | 0.576 ___.889
Right Foot -0.038 | 0.633 | 0.912 | -0.059 | 0.660 | 0.991 | sitting
Right Hand - - - - - - nude
Right Leg -0.057 | 0.503 | 0.907 | -0.041 | 0.524 | 0.748 | sitfing
Right Upper Army -0.101 | 0.56: 0.960 | -0.057 | 0.529 | 0.984
Right Thigh | -0.055 [ 0.41 0.832 | -0.038 | 0.412 | 0.957
Pelvic Region | -0.114 | 1.05 0.928 | -0.102 .970 | 0.836
Whole Body | -0.090 | 0.632 | 0.977 { -0.076 .617 | 0.981
Table 9 Models of clothing insulation
for sitting manikin
Facing Upwind Facing Downstream
Body 2 o |reference|
Segment a b R _a b R data
Back -0.050 | 0.839 | 0.765 [ -0.159 | 0.771 .966
Chest -0.189 | 1.012 | 0.971 | -0.105] 1.073 | 0.936
Head -0.199 | 0517 | 0.991 [ -0.246 | 0.625 | 0.991
Left Arm -0.066 | 0499 | 0.727 | -0.026 | 0.522 | 0.729
Left Foot -0.037 | 0.647 | 0.890 | -0.057 | 0.643 | 0.891 nude
Left Hand - - - - - - nude
Left Leg -0.049 1 0512 | 0869 | -0.042 | 0.516 | 0.700
Left Upper Arm{ -0.101 | 0.649 | 0.822 | -0.083 | 0.696 | 0.760
Left Thigh 0.535 | 0.974 | -0.037 | 0.464 | 0.90
Right Arm 0.552 .000 | -0.028 | 0.556 | 0.57:
Right Foot 0.633 | 0.912 | -0.059 | 0.660 | 0.99 nude
Right Hand - - - - - - nude
Right Le: -0.057 | 0.50 0.907 | -0.04 0524 | 0.748
Right Upper Army -0.111 | 0.70: 0.959 [ -0.094 [ 0.703 | 0.980
Right Thigh_ | -0.064 | 0.51 0.888 | -0.008 | 0.387 | 0.292
Pelvic Region [ -0.152 | 1.004 | 0.889 | -0.16 1.013 | 0.969
Whole Body [ -0.096 | 0.646 | 0.970 | -0.088 | 0.655 | 0.986

Ichhara’s and Seppanen’s models gave very large value compared to the other
nude data and those happened to be close to the present model for clothed standing
manikin. On the other hand, for sitting manikin, the present model was close to
deDear’s model and fell between Winslow’s and Mitchell’s data.

5. SUMMARY

Direct evaluation of clothing insulation and convective heat transfer
coefficients for each part of the body under air flow was carried out by measuring
surface temperature, using an infrared image radiometer. Larger convective heat
transfer coefficients were observed for the clothed manikin than the nude manikin.
The difference could be 100 to 200% for a few body parts. Over the whole body,
the clothed manikin convective heat transfer coefficients were 30 to 50% larger
than the nude manikin values. These results were consistent for both standing and
sitting postures, and for facing eifher upwind or downstream, although a slightly
larger difference between clothed and nude was seen when the manikin was sitting
and facing upwind than in the other conditions.

In the clothing insulation for individual parts, some differences were
observed between standing and sitting. However the diffefence for the whole body
was small.

In addition, regression models for convection heat transfer under

airflow condition were presented. The I and hy estimated in this study includes



the effect of heat loss by air penetration of the

w
o
N
w
o

Present,clothed clothing, and therefore should be applied to only the
25 25 types of clothing in this study. Similar studies of
1 other clothing types would be needed to more
&20 %20 generally describe heat transfer through the
s e ) .
=15 =15 permeable complex clothing surface.
2 2
10 10
4% e 2 Present nude References
5 Lg# ang 5 |5 Mitchell'® nude 1)ASHRAE, ASHRAE HANDBOOK
) ' FUNDAMENTALS, 1997.
0 ' ' ' 0 ' ) ' 2) 1S09920, Ergonomics of the thermal environment
0 1 2 3 4 0 1 2 3 4 - N . . .
vm/s vm/s -estimation of the thermal insulation and evaporative

Figure 7 Comparison with other studies

(Left: standing, Right: sitting) resistance of a clothing ensemble, 1995.

3) C. Lee, T. Sawachi, H. Honma: Experimental
study on natural convection around human body using combined heated cylinder thermal manikin, Journal of Architectural Planning
and Environmental Engineering, ALJ, No. 416, pp. 25-34, 1990. ‘

4) S. Murakami, S. Kato, J. Zeng: Coupled simulation of convective and radiant heat transfer around standing human body, Journal of
Architectural Planning and Environmental Engineering, AlJ, No. 515, pp. 69-74, 1999.

'5) J. Ishii, T. Horikoshi, S. Watanabe, K Suzuki, Y. C. Zhi: Experimental estimation of natural convective heat transfer coefficients for
the human body and its segments, Journal of Architectural Planning and Environmental Engineering, AlJ, No. 530, pp. 31-37, 2000.
6) R. deDear, E. Arens, H. Zhang, M. Oguro: Convective and radiative heat transfer coefficients for individual human body segments,
International Journal of Bio meteorology, Vol. 40, No. 3, pp. 141-156, 1997.

7) M. Ichihara, M. Saitou, M. Nishimura, S. Tanabe: Measurement of convective and radiative heat transfer coefficients of standing and
sitting human body by using a thermal manikin, Journal of Architectural Planning and Environmental Engineering, AlJ, No. 501, pp.45
—51, 1997. _ ‘

8) U. Danielsson: Convection coefficients in clothing air layers, Doctoral thesis in Department of Energy Technology, The Royal
Institute of Technolbgy, 1993.

9) M. Oguro, E. Arens, R. deDear, H. Zhang, T. Katayama: Evaluation of the effect of air flow on clothing insulation and on dry heat
transfer coefficients for each part of the clothed human body, Journal of Architectural Planning and Environmental Engineering, AlJ,
Nov. 2001. ’

10) B. Griffith, F. Beck, D. Arasteh, D. Tiirler: Issues associated with the use of infrared thermography for experimental testing of
insulated systems, Proceedings of Thermal Performance of the Exterior Envelopes of Buildings Conference, 1995. '

11) S. Tanabe, E. Arens, F. Bauman, H. Zhang, M, T. Madsen: Evaluating thermal environments using a thermal manikin with
controlled surface skin temperature, ASHRAE Transactions, Vol. 100, 1994.

12) M. Oguro, E. Arens, H. Zhang, K. Tsuzuki, T. Katayama: Measurement of projected area factors for thermal radiation analysis on
each part of the human body, to be published in Journal of Architectural Planning and Environmental Engineering, AlJ, Sept. 2001.
13) M. Oguro, E. Arens, H. Zhang, K. Tsuzuki, T. Katayama: Measurement of projected area factors for each part of a sitting person,
to be published in Journal of Energy and Environmental Engineering, Kyushu University, Sept. 2001.

14) 1S09920, Ergonomics of the thermal environment -estimation of the thermal insulation and evaporative resistance of a clothing
ensemble, 1995.

15) W.H. McAdams: Heat transmission, 3% ed. McGraw-Hill, New York, 1954.

16) Y. Nishi, A.P. Gagge: Direct evaluation of convective heat transfer coefficient by naphthalene sublimation, Journal of Applied
Physiology 29, 1970.

17) C. -E. A. Winslow, L. P. Herrington, A. P. Gagge: Relations between atmospheric conditions, physiological reavtions and
sensations pf pleasantness, American Journal of Hygiene 26(1), 1937. '

18) D. Mitchell: Convective heat transfer in man and other animals, heat loss from animals and man. Butterworth Publishing Inc.,
London, 1975.



HXES

1L ZEL®ic
BIEARICOWTE, SO RBREOFRFI L Z v, L
ML, ERAFIZOVWT, FRAKEXIRE L TN OERRET
TOXNFEMERELHREIEF & fE L i E o2,

2. WFFEHIE

(1) BEHEIEIC X 3 ERMEGOFE

AEEHOBERIL (1) ATREN, F—<v2F 2 TH
BLEERENMES TORIE, ERORTREZUET D &
Ty, EREAPEEREHTE S,

(2) *HEBRER OF M

P e REVICRBIT D AREMOBRERIT (2) (3) KT
REN, FWORGUEER)» DRI REEREZELIIC L
LV BHORMRERPAMTE B,

(3) MHBREEOEM
P e X E BT B ARERORSIMEERET (4) X
TREN, APRHEEEL Y SBORMAMEEENELTE 5,

3. BRI

1) r—=ivxF

HEICAWE XX VIR EREFNEROZEEOY —< L~
XF T, ERENORY—-BRARBEOFHMEA L LTHEINE
bDTHB, BMIOHEET 16 THY ., REMEIR-1. A%
HEEREIE2 0LORDOATHS,

(2) &K
FACAVWAEERITE. & 00%OERARY, BLUK

100%DEML ¥, BT, BThd, HiZZEI L TOMh>

BEBRY DT, BRO—DELTHELE, Fh. AMESEHOE
KNDOBERELHEICT LD, v XX VOBHLOERE
Eo— AT —7THEY, ERATOBNMNEOROBEN LD
BB Lk, -1 KBEERT,

(3) EREREO

MR FUEMEE L, 2mBENTALE D, K, B
OBMHFIZONWT, AKEFMIZ 45° BIC 8 FuhrbE L., #%
FHEOLEEHTEZ LICL D EREEREZEH L,

(4) BIREBRFIE

BIROBES (FE 1.5m, B2 1m) KvRFUrE2REBLE,
BUR EFREMAIC i, ENE 2K 30O E S 1m, EE 0.5mOH
HERESO LR TmOMBICHRE L, RERERMEL, BE
BEvxX U EEHEFELOMELE, BEBEBRITTIZ LI
LY, FHUOER EEFEOERRERELRD, T bEFEY
THZLEZLDBMUOBRETBE L L, EREMHFL LTI,
BEBLIUBEROTRAF VELENCONT, E@B LOHF@EH
LREYTTHELE, RERFT 0.2, 0.5, 0.8, 1.2, 2.0,

3.0, 5.5m/s (#B4ETIX0.8, 2.0, 5.5m/s D&H) THDB,

4. BRBIUEBEZE
(1) FREHERE
W EOERBEEELE-3ITTT,

(2) AL OMFPRER

E-2(a) (b) IZSLAL CORIFF 2 DRI L% F 5 b DEDEED
Bk L ERBFON RERERELTT, BIETHE., FOEIKRE
WV, BERFBFEIEFNICEER LY REL R2EANL D, KHICHE
RRIHTL L RO P CIIEER O 2 FLlEiCe5, 0.8
m/s BETRZOERZ/IIVAE, BRENKE S RDIZE N, £
DEZIRELS RHBEMIH D, TOEIZET ML DRDEFOTEH
BbREW, TOMOEMA CRERDDRDOEOK, LU
B OROBOER TOENMUOTALICE RS LXE L,

(3) FEQr 3t FiEm R

-3 (a) (b) ICEEAL O A ERBRE R ETT, BERECZOV
TIE, SIALE R L Y RE < RZBERABAL LIS, BKE
oW, ML e FFRFERFR LV REIRBZERBALNS,
ST E OERERIT, B D QR TKERTOBRKE & DERK
EVnRE, BEFDPODORDRRICEOBRERL DEFN/NSVWRTH
b, 2HOETHERT 2 L BER, FREL b, I EEM, &
BVRETHFLOOBREBEF ML ORTREREFRALRRY, —
7. ERFEOMBEITHEERFLY 30~50%KE W,

(4) BREEH
ERBEFOBEFREZR-5. 6 [ZRT, AIFHLORTORH
frAl (M-5) TiX, KBR, M. LBETIEMNOFHBERNE L |
Mg, BE. AR CIREMOFHEN, 25 (K-6) OETHETS
LI E B TRE BREEXHR DN,

(5) XMBMRER L FRBEROET NV

F-A~T LR BREEROETAEFT, TFAE~EFRA (h,
= a(v)?) TEMEND, BB TIZZEH DL 0.4~0.8 2T
oL, EFTIHNEEE 0.60~0.69 & 2fir &JFESr. B, #
EEERTRERERZ RV, HHRBGREORELEBFROZIZEI
ERa KB ENRTW S, EREEROET L EK-8, 9ITTT,
TFMIAEA (T, = a In(v) +b) TEEEN B, WALHITIX
Efa 2-0.01~-0.26 LIEH2LK, EHFTHE-0.076~-0.096 &
SIQ & RERL, JRIA. BRI E FR TRICK & RZEET RV,

5. &

HEMBOEWA M OF KB L EAREON KB CERLERD
REREEFENC L VR, FREETEERICILE L TR
CEEOHERBEZD LN, i, HENBLICEHIZONT
AFEBRER L ERERAOELTFVERLE, AR TR
HEBCEECERBERITBEROEELELLOTHY, AFA
TOERIZOZBRATRETHD,

(2001410410 B FRSSE, '20024F 8 A 27 BiRAIRSE)





